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Abstract

Efforts to find disease-modifying treatments for Alzheimer’s disease (AD) have been largely unsuccessful. The relative lack of
progress and the age-related incidence of AD suggest that modulation of aging per se may be a useful alternative treatment
approach. Therapeutics aimed at preventing or reversing aging should be effective in preventing or reversing dementia and the
pathology associated with progressive AD. Epigenetic dysregulation of neuronal gene expression occurs with age, propagating
deficits in cellular homeostasis. Regulators of epigenetic processes, such as histone deacetylases (HDACs), are well documented
and may represent promising therapeutic targets. HDAC activity becomes dysregulated with age and in AD. An intriguing
concept is that HDAC inhibition effectively forestalls AD pathology measured more broadly, addressing the notion that
rectifying homeostatic gene expression may be the critical step in ameliorating AD pathogenesis at the earliest stage of disease
initiation. HDAC inhibitors target several pathways associated with aging and AD neuropathology including loss of synaptic
function, mitochondrial dysfunction, increased oxidative stress, and decreased autophagy activity. Since transcriptional levels
of numerous genes are shown to decrease with increasing age, a recovery of their transcriptional activity through HDAC

inhibition could prevent or delay age-associated declines in neurological function and provide pathways for treating AD.
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Introduction

The prevalence of neurodegenerative diseases is expected to soar with the number of elderly individuals in both
developed and developing countries now rising dramatically. Efforts to find disease-modifying treatments have been
largely unsuccessful. These efforts have focused mainly on identifying pathogenic mechanisms specific to each disease
process. The relative lack of progress with these approaches and the age-related nature of neurodegenerative disease
incidence suggests that modulation of aging per se may be a useful alternative approach for delaying the onset or
retarding the progression of neurodegenerative conditions [1,2]. This concept is supported by an impressive body of
knowledge identifying genetic, dietary and pharmacologic interventions that profoundly retard aging and its
pathophysiologic effects in a number of invertebrate and murine model systems [3]. Correlative human data suggest
that these model system results are relevant to humans. Since cognitive decline and Alzheimer’s disease (AD) are highly
linked with increasing age as a risk factor, therapeutics aimed at preventing or reversing aging should be effective in
preventing or reversing dementia and the pathology associated with progressive AD. A number of molecular targets
are well known for influencing aging [4], but only a few have been successfully targeted with individual drugs.

AD is a complex heterogeneous pathology that impacts multiple aspects of neuronal physiology. The predominant
hypothesis guiding AD therapeutic development for the last two decades has been that amyloid initiates a cascading
series of events, including phosphorylation and aggregation of tau protein, that lead to pervasive neuronal

degeneration. The repeated observation that rare early-onset familial AD mutations increase pathogenic amyloid
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through perturbations of beta/gamma-secretase function, promoted the notion that targeting amyloid is a potential
therapeutic approach. Unfortunately, failures of a number of clinical trials have called into question amyloid as the
primary therapeutic target. This demands careful reconsideration of AD disease etiology and justifies why alternative

strategies for therapeutic development should be explored.

Targeting Histone Deacetylation

Epigenetic dysregulation of neuronal gene expression occurs with age, propagating deficits in cellular homeostasis.
Regulators of epigenetic processes, such as histone deacetylases (HDACs), are well documented and may represent
promising therapeutic targets. The gradual and escalating dysfunction of essential cellular processes could link all of
the cellular AD phenotypes into a complex cascade, in which amyloid is either a late-stage effector or simply a biomarker
of the disease process. In support of this view, numerous transcriptional analysis studies have examined genetic
dysregulation in AD and found metabolic processes, oxidative stress, protein degradation, synaptic function and
transcriptional regulation to be impacted [5,6]. Gene silencing through chromatin remodeling is one possible
mechanism as histone deacetylase (HDAC) expression increases with age for a number of HDAC genes [7], and histone
acetylation is altered in AD [8]. Concordantly, HDAC inhibitors restore synaptic viability in AD transgenic mice [9],
increase expression of amyloid clearing genes IDE and neprilysin [10] and have positive effects upon memory in AD
animal models [11,12]. These studies support the connection between HDAC mediated epigenetic regulation and AD
neuronal pathology.

HDAC inhibition is a powerful approach to stimulate transcriptional changes within neurons. HDAC activity
becomes dysregulated with age and in AD and has been shown to decrease synaptic plasticity in mouse models [13,14].
The exploration of HDAC inhibitors has been studied in the context of cancer treatment, but there has not been a
comprehensive examination of the efficacy of these compounds in preventing dementia and protecting human neurons.
An intriguing concept is that HDAC inhibition effectively forestalls AD pathology measured more broadly, addressing
the notion that rectifying homeostatic gene expression may be the critical step in ameliorating AD pathogenesis at the
earliest stage of disease initiation. The exploration of next generation HDAC inhibitors to treat or prevent AD is
innovative because there has not been a comprehensive examination of the efficacy of these compounds in protecting
human neurons. This supports a linkage between age-related epigenetic regulation and AD neuronal pathology and the
plausibility of treating age-dependent chromatin silencing as a viable therapeutic venue for AD neuropathophysiology.
Multiple cellular phenotypes of AD, such as aberrant mitochondrial activity, ROS generation and synaptic dysfunction
could be linked to altered metabolism and dysregulated gene expression, suggesting that disruption of gene expression
homeostasis may be a primary and early point of disease etiology.

Our published observations that phenylbutyrate (PBA), an HDAC inhibitor, attenuated amyloid plaque
development in the PSideltag/APPswe double transgenic mouse line and partially restored cognitive function [12], set
the stage to further investigate HDAC inhibition as a viable approach to treat or prevent AD. PBA is clinically attractive
because it is an FDA approved drug, and is safe with relatively few side effects. However, it is cleared rapidly from the
blood and is poorly absorbed across the blood brain barrier [15] thus requiring very high and likely problematic doses
in patients. A drug that has similar positive effects but with greater potency and greater bioavailability would be more
clinically relevant. The HDAC gene family is complex and divided into four classes based on the similarity of structure
and mechanism. Recent FDA-approved compounds for treating cancer represent modern HDAC inhibitor chemistries
and both broad-spectrum HDAC inhibition (vorinostat, belinostat, and panobinostat) and specific (romidepsin)

targeting specificity. Panobinostat (PANB) targets HDAC classes similar to PBA [16], is highly potent, has an existing
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clinical and safety database [17], efficiently crosses the blood brain barrier, and increases histone acetylation in the
brain and other tissues [18].

HDAC inhibitors target several pathways associated with aging and AD neuropathology. Synaptic pathology is
increasingly of interest in assessing AD pathology and is linked to normal aging as well [19,20]. Gene expression studies
examining transcriptional aberration in AD find that synaptic function appears ubiquitously [21-23], and consequently,
refined synaptic pathologies would be expected to be present in both aging and AD, and may be the point of earliest
intervention. Neurogranin (NG) and neurofilament light chain (NFL) are informative biomarkers. NFL is a structural
component of the cytoskeleton and can be used to assess axonal damage [24,25], while NG is localized to the post-
synaptic dendritic spine [26,27]. These two factors specifically examine distinct aspects of synaptic function from a
presynaptic and post-synaptic perspective such that rescue of impaired synaptic integrity by HDAC inhibitors could be
monitored.

Closely linked with synaptic pathology, mitochondrial dysfunction leading to decreased ATP production and
increased ROS resulting from impaired electron transport chain function appears prominently in both aging and AD
[28-30]. The ability to non-invasively assess both oxidative and glycolytic metabolism provides a comprehensive
measure of neuronal metabolism in AD and non-AD cells, and potential metabolic changes that may impair neuronal
function, within one of the most metabolically active cell types in the body [31]. The expectation is that HDAC inhibition
would improve mitochondrial function and cellular metabolism in neurons stressed by Abeta 42 and pTau.

Autophagy plays a key role in neuronal physiology and pathology. It degrades cell organelles and misfolded
proteins by fusing autophagosomes with lysosomes to prevent buildup of wastes within the cell and promote
homeostasis and organelle self-renewal. Misfolded proteins can induce autophagy in primary neurons and this
induction can be impaired under neurodegenerative disease conditions [32,33]. Expression of Beclin-1, ATG, LC3B and
P62 can be used to determine if there is declining function and imminent apoptosis, or disease states associated with
aging and AD pathology. Failure of autophagy may result in development of senescence and enhanced apoptosis and

neuronal cell death. HDAC inhibition would expect to stabilize autophagy and enhance healthy neuronal function.

Conclusion

There is now a growing consensus that increased histone acetylation with globally elevated transcription might be
beneficial at older ages as it contributes to reversion of age-dependent decline in expression of metabolic, stress
response, and reparative genes involved in homeostasis and health span. There is thus a rationale for targeting
deacetylation with inhibitors to activate expression of specific genes. Since transcriptional levels of numerous genes are
shown to decrease with increasing age, a recovery of their transcriptional activity through HDAC inhibition could

prevent or delay age-associated declines in neurological function and enhance intervention of AD.

References

1. Taylor RC, Dillin A (2011) Aging as an event of proteostasis collapse. Cold Spring Harb Perspect Biol 3:
a004440.

2. Longo VD, Antebi A, Bartke A, Barzilai N, Brown-Borg HM, et al. (2015) Interventions to Slow Aging in
Humans: Are We Ready? Aging Cell 14: 497-510.

3. Albin RL, Miller RA (2016) Mini-review: Retarding aging in murine genetic models of neurodegeneration.
Neurobiol Dis 85: 73-80.
Ladiges W (2014) The quality control theory of aging. Pathobiol Aging Age Relat Dis 4.

5. Silva AR, Grinberg LT, Farfel JM, Diniz BS, Lima LA, et al. (2012) Transcriptional alterations related to

neuropathology and clinical manifestation of Alzheimer's disease. PLoS One 7: e48751.

Page 3 of 5 Volume 3, Article ID: 100020


https://pubmed.ncbi.nlm.nih.gov/21441594/
https://pubmed.ncbi.nlm.nih.gov/21441594/
https://pubmed.ncbi.nlm.nih.gov/25902704/
https://pubmed.ncbi.nlm.nih.gov/25902704/
https://pubmed.ncbi.nlm.nih.gov/26477301/
https://pubmed.ncbi.nlm.nih.gov/26477301/
https://pubmed.ncbi.nlm.nih.gov/24891937/
https://pubmed.ncbi.nlm.nih.gov/23144955/
https://pubmed.ncbi.nlm.nih.gov/23144955/

Chacko S, Ladiges W (2021) Therapeutic Targeting of Histone Deacetylation to Prevent Alzheimer’s Disease. Emed Res 3: 100020.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

Chen F, Guan Q, Nie ZY, Jin LJ (2013) Gene expression profile and functional analysis of Alzheimer's disease.
Am J Alzheimers Dis Other Demen 28: 693-701.

Chouliaras L, van den Hove DL, Kenis G, Draanen Mv, Hof PR, et al. (2013) Histone deacetylase 2 in the mouse
hippocampus: attenuation of age-related increase by caloric restriction. Curr Alzheimer Res 10: 868-876.
Millan MJ (2014) The epigenetic dimension of Alzheimer's disease: causal, consequence, or curiosity?
Dialogues Clin Neurosci 16: 373-393.

Ricobaraza A, Cuadrado-Tejedor M, Garcia-Osta A (2011) Long-term phenylbutyrate administration prevents
memory deficits in Tg2576 mice by decreasing Abeta. Front Biosci (Elite Ed) 3: 1375-1384.

Nalivaeva NN, Belyaev ND, Kerridge C, Turner AJ (2014) Amyloid-clearing proteins and their epigenetic
regulation as a therapeutic target in Alzheimer's disease. Front Aging Neurosci 6: 235.

Ricobaraza A, Cuadrado-Tejedor M, Marco S, Pérez-Otafio I, Garcia-Osta A (2012) Phenylbutyrate rescues
dendritic spine loss associated with memory deficits in a mouse model of Alzheimer disease. Hippocampus
22:1040-1050.

Wiley JC, Pettan-Brewer C, Ladiges WC (2011) Phenylbutyric acid reduces amyloid plaques and rescues
cognitive behavior in AD transgenic mice. Aging Cell 10: 418-428.

Guan JS, Haggarty SJ, Giacometti E, Dannenberg JH, Joseph N, et al. (2009) HDAC2 negatively regulates
memory formation and synaptic plasticity. Nature 459: 55-60.

Penney J, Tsai LH (2014) Histone deacetylases in memory and cognition. Sci Signal 7: re12.

Kim SW, Hooker JM, Otto N, Win K, Muench L, et al. (2013) Whole-body pharmacokinetics of HDAC inhibitor
drugs, butyric acid, valproic acid and 4-phenylbutyric acid measured with carbon-11 labeled analogs by PET.
Nucl Med Biol 40: 912-918.

Pasyukova EG, Vaiserman AM (2017) HDAC inhibitors: A new promising drug class in anti-aging research.
Mech Ageing Dev 166: 6-15.

Baertsch MA, Hillengass J, Blocka J, Schonland S, Hegenbart U, et al. (2017) Efficacy and tolerability of the
histone deacetylase inhibitor panobinostat in clinical practice. Hematol Oncol 36: 210-216.

Chopra V, Quinti L, Khanna P, Paganetti P, Kuhn R, et al. (2016) LBH589, A Hydroxamic Acid-Derived HDAC
Inhibitor, is Neuroprotective in Mouse Models of Huntington's Disease. J Huntingtons Dis 5: 347-355.

Salat DH, Greve DN, Pacheco JL, Quinn BT, Helmer KG, et al. (2009) Regional white matter volume
differences in nondemented aging and Alzheimer's disease. Neuroimage 44: 1247-1258.

Pannese E (2011) Morphological changes in nerve cells during normal aging. Brain Struct Funct 216: 85-89.
Antonell A, Llad6 A, Altirriba J, Botta-Orfila T, Balasa M, et al. (2013) A preliminary study of the whole-
genome expression profile of sporadic and monogenic early-onset Alzheimer's disease. Neurobiol Aging 34:
1772-1778.

Oh G, Ebrahimi S, Wang SC, Cortese R, Kaminsky ZA, et al. (2016) Epigenetic assimilation in the aging human
brain. Genome Biol 17: 76.

Ng B, White CC, Klein HU, Sieberts SK, McCabe C, et al. (2017) An xQTL map integrates the genetic
architecture of the human brain's transcriptome and epigenome. Nat Neurosci 20: 1418-1426.

Liu Q, Xie F, Siedlak SL, Nunomura A, Honda K, et al. (2004) Neurofilament proteins in neurodegenerative
diseases. Cell Mol Life Sci 61: 3057-3075.

Petzold A (2005) Neurofilament phosphoforms: surrogate markers for axonal injury, degeneration and loss.

J Neurol Sci 233: 183-198.

Page 4 of 5 Volume 3, Article ID: 100020


https://pubmed.ncbi.nlm.nih.gov/24005853/
https://pubmed.ncbi.nlm.nih.gov/24005853/
https://pubmed.ncbi.nlm.nih.gov/24093534/
https://pubmed.ncbi.nlm.nih.gov/24093534/
https://pubmed.ncbi.nlm.nih.gov/25364287/
https://pubmed.ncbi.nlm.nih.gov/25364287/
https://pubmed.ncbi.nlm.nih.gov/21622143/
https://pubmed.ncbi.nlm.nih.gov/21622143/
https://pubmed.ncbi.nlm.nih.gov/25278875/
https://pubmed.ncbi.nlm.nih.gov/25278875/
https://pubmed.ncbi.nlm.nih.gov/21069780/
https://pubmed.ncbi.nlm.nih.gov/21069780/
https://pubmed.ncbi.nlm.nih.gov/21069780/
https://pubmed.ncbi.nlm.nih.gov/21272191/
https://pubmed.ncbi.nlm.nih.gov/21272191/
https://pubmed.ncbi.nlm.nih.gov/19424149/
https://pubmed.ncbi.nlm.nih.gov/19424149/
https://pubmed.ncbi.nlm.nih.gov/25492968/
https://pubmed.ncbi.nlm.nih.gov/23906667/
https://pubmed.ncbi.nlm.nih.gov/23906667/
https://pubmed.ncbi.nlm.nih.gov/23906667/
https://pubmed.ncbi.nlm.nih.gov/28843433/
https://pubmed.ncbi.nlm.nih.gov/28843433/
https://pubmed.ncbi.nlm.nih.gov/28685863/
https://pubmed.ncbi.nlm.nih.gov/28685863/
https://pubmed.ncbi.nlm.nih.gov/27983565/
https://pubmed.ncbi.nlm.nih.gov/27983565/
https://pubmed.ncbi.nlm.nih.gov/19027860/
https://pubmed.ncbi.nlm.nih.gov/19027860/
https://pubmed.ncbi.nlm.nih.gov/21431333/
https://pubmed.ncbi.nlm.nih.gov/23369545/
https://pubmed.ncbi.nlm.nih.gov/23369545/
https://pubmed.ncbi.nlm.nih.gov/23369545/
https://pubmed.ncbi.nlm.nih.gov/27122015/
https://pubmed.ncbi.nlm.nih.gov/27122015/
https://pubmed.ncbi.nlm.nih.gov/28869584/
https://pubmed.ncbi.nlm.nih.gov/28869584/
https://pubmed.ncbi.nlm.nih.gov/15583867/
https://pubmed.ncbi.nlm.nih.gov/15583867/
https://pubmed.ncbi.nlm.nih.gov/15896809/
https://pubmed.ncbi.nlm.nih.gov/15896809/

Chacko S, Ladiges W (2021) Therapeutic Targeting of Histone Deacetylation to Prevent Alzheimer’s Disease. Emed Res 3: 100020.

26.

27.

28.

29.

30.

31.

32.

33.

Diez-Guerra FJ (2010) Neurogranin, a link between calcium/calmodulin and protein kinase C signaling in
synaptic plasticity. [IUBMB Life 62: 597-606.

Nalivaeva NN, Belyaev ND, Lewis DI, Pickles AR, Makova NZ, et al. (2012) Effect of sodium valproate
administration on brain neprilysin expression and memory in rats. J Mol Neurosci 46: 569-577.

Salminen A, Haapasalo A, Kauppinen A, Kaarniranta K, Soininen H, et al. (2015) Impaired mitochondrial
energy metabolism in Alzheimer's disease: Impact on pathogenesis via disturbed epigenetic regulation of
chromatin landscape. Prog Neurobiol 131: 1-20.

Stahon KE, Bastian C, Griffith S, Kidd GJ, Brunet S, et al. (2016) Age-Related Changes in Axonal and
Mitochondrial Ultrastructure and Function in White Matter. J Neurosci 36: 9990-10001.

Pérez MJ, Ponce DP, Osorio-Fuentealba C, Behrens MI, Quintanilla RA (2017) Mitochondrial Bioenergetics Is
Altered in Fibroblasts from Patients with Sporadic Alzheimer's Disease. Front Neurosci 11: 553.
Beckervordersandforth R, Ebert B, Schéffner I, Moss J, Fiebig C, et al. (2017) Role of Mitochondrial
Metabolism in the Control of Early Lineage Progression and Aging Phenotypes in Adult Hippocampal
Neurogenesis. Neuron 93: 560-573.

Young JE, Boulanger-Weill J, Williams DA, Woodruff G, Buen F, et al. (2015) Elucidating molecular
phenotypes caused by the SORL1 Alzheimer's disease genetic risk factor using human induced pluripotent
stem cells. Cell Stem Cell 16: 373-385.

Cortes CJ, Miranda HC, Frankowski H, Batlevi Y, Young JE, et al. (2014) Polyglutamine-expanded androgen
receptor interferes with TFEB to elicit autophagy defects in SBMA. Nat Neurosci 17: 1180-1189.

Page 5 of 5 Volume 3, Article ID: 100020


https://pubmed.ncbi.nlm.nih.gov/20665622/
https://pubmed.ncbi.nlm.nih.gov/20665622/
https://pubmed.ncbi.nlm.nih.gov/21932040/
https://pubmed.ncbi.nlm.nih.gov/21932040/
https://pubmed.ncbi.nlm.nih.gov/26001589/
https://pubmed.ncbi.nlm.nih.gov/26001589/
https://pubmed.ncbi.nlm.nih.gov/26001589/
https://pubmed.ncbi.nlm.nih.gov/27683897/
https://pubmed.ncbi.nlm.nih.gov/27683897/
https://pubmed.ncbi.nlm.nih.gov/29056898/
https://pubmed.ncbi.nlm.nih.gov/29056898/
https://pubmed.ncbi.nlm.nih.gov/28111078/
https://pubmed.ncbi.nlm.nih.gov/28111078/
https://pubmed.ncbi.nlm.nih.gov/28111078/
https://pubmed.ncbi.nlm.nih.gov/25772071/
https://pubmed.ncbi.nlm.nih.gov/25772071/
https://pubmed.ncbi.nlm.nih.gov/25772071/
https://pubmed.ncbi.nlm.nih.gov/25108912/
https://pubmed.ncbi.nlm.nih.gov/25108912/

